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SUMMARY
When computing the flow around complex three dimensional configurations, the generation of the mesh is the
most time consuming part of any calculation. With some meshing technologies this can take of the order of a
man month or more. The requirement for a number of design iterations coupled with ever decreasing time
allocated for design leads to the need for a significant acceleration of this process. Of the two competing
approaches, block-structured and unstructured, only the unstructured approach will allow fully automatic mesh
generation directly from a CAD model. Using this approach coupled with the techniques described in this
paper, it is possible to reduce the mesh generation time from man months to a few hours on a workstation.
The desire to closely couple a CFD code with a design or optimization algorithm requires that the changes to
the geometry be performed quickly and in a smooth manner. This need for smoothness necessitates the use of
Bezier polynomials in place of the more usual NURBS or cubic splines. A two dimensional Bezier polynomial
based design system is described.
1 INTRODUCTION
The aerodynamic design of components is by and large achieved through "design by analysis". An engineer
will begin with an approximation to the shape of a part. This is then analyzed utilizing a suitable CFD tool. Based
on these results, changes to the geometry are postulated which will improve the part subject to certain
constraints. These improvements, for example, may aim to increase the efficiency or decrease the
manufacturing cost of the part. Having made the changes, the new design is reanalyzed and the results
evaluated. This process may be repeated a large number of times during the design process. In general a limited
amount of time and money are allocated for the design of a given component, hence the CFD code must allow a
number of design iterations within these restrictions. To achieve this geometrical approximations are made and
certain features are ignored because it is too costly to include them in the simulation. For some complex three
dimensional configurations where geometrical simplifications cannot be made the use of a wind tunnel proves to
be more cost effective.
With many currently available CFD technologies there is little room for improvement in component design
within the constraints of time and money. Further improvements can only be achieved by including more
geometric fidelity, reducing turnaround times and improving the physical models within the simulation. In this
paper methods for improving the former two items will be investigated.
Many impressive calculations have been performed on complex three dimensional geometries employing
block-structured techniques. However turnaround time makes these calculations impractical for routine design
work. In some cases it may be possible to use these techniques in a design environment if mesh generation
software is tailored for one particular topology [1]. This approach however requires a significant investment of
time and money to develop such software which makes it too costly for a large number of problems. In addition
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anydesign change that results in a change in topology would require much rewriting of the mesh generation
software.
The use of an unstructured mesh presents a possible solution. Here mesh generation can be made automatic
for arbritrary geometries thereby significantly reducing turnaround times. However the geometry specification
(also common to the structured approach) and the generation of a mesh suitable for a viscous calculation still
represent formidable tasks. These areas are addressed in detail in sections 2, 3 and 4.
Of the available unstructured mesh generators there is no accepted "best" method. It is possible using any of
these methods to generate a mesh for complex configurations. The relative merits of the competing
unstructured and structured approaches together with examples are presented in Section 2.
Within industry there is a strong trend towards representing all geometries by one single CAD model which is
used and modified by a variety of disciplines during the design process. The model is ultimately used to
manufacture the part. This approach has many advantages, for example, the elimination of the need for
conversion programs, and their associated errors, to move between one geometry format and another. With
powerful CAD packages available there seems little point in developing "in-house" software to represent and
manipulate geometry. The obvious next step is to use these CAD models as the basis for a CFD calculation. Any
geometry modification required by the design process can bc efficiently performed using the CAD package. In
section 3 the approach used to produce a computational mesh directly from a CAD model is described.
The desire to perform viscous calculations adds further constraints to the mesh generation algorithm. For
these calculations high aspect ratio cells aligned with the flow gradient are required in the boundary layer and
wake regions. Existing unstructured mesh generation algorithms aim to produce tetrahedra close to equilateral,
or at best provide a limited ability to stretch elements. The use of equilateral cells in viscous regions would result
in a prohibitively expensive algorithm. In addition there will ultimately be a requirement to adapt the mesh in
viscous regions. To be efficient this adaption must be performed in an anisotropic manner, i.e. increasing the
resolution normal to the wall while maintaining the streamwise spacing. The generation of meshes meeting the
above requirements is the subject of much current research. An "inflation" technique to efficiently produce a
near wall prismatic mesh about complcx geometries is described in Section 4.
Unstructured meshes lend themselves well to adaption by reinforcement where new nodes are added into an
existing mesh. In addition it is possible to use the refinement levels as the basis of a multigrid algorithm. Such a
scheme is described and compared to other multigrid schemes in section 5.
The exact mathematical formulation of the surfaces used in the CAD model of the component to be meshed
has been ignored and left to the CAD program. When it is desired to automate a CFD based design system the
mathematical form of these surfaces becomes important. The use of Bczier polynomials as a basis for such a
system is described in section 6.
Finally in section 7 recommendations are made for an ideal CFD system. These recommendations include the
use of available technologies and the development of new ones.
2 MESH GENERATION
One of the aims when developing mesh generation software is to minimize the cost, both machine and human,
of generating a mesh. As a designer's time is more valuable than CPU cycles this inevitably means minimising
the amount of user interaction required to produce a mesh. In two dimensions mesh generation is essentially a
solved problem. There are a variety of structured and unstructured algorithms which will produce a high quality
mesh around complex geometries. For example the unstructured method described in [2] requires a few minutes
of CPU time on a workstation and just four user inputs to generate a mesh: the file name for the geometry, the
maximum element size, the minimum element size and a boundary curvature sensitivity. The procedure begins
by placing points on the boundary to reflect surface curvature. These points are triangulated using a Delaunay
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procedure. New nodes are now repeatedly inserted into the mesh to remove poor quality elements. The process
is terminated when all elements satisfy the required quality measure. Figure 1 shows a mesh generated by this
approach.
In three dimensions automatic mesh generation for complex geometries represents a formidable, though not
intractable task. The block structured approach requires the specification of an initial blocking topology prior to
generating the mesh in the individual blocks. The specification of the initial blocking topology is a global
operation requiring knowledge of all the boundary surfaces. For the human brain this is a trivial task in two
dimensions requiring a few mouse clicks in a suitable user interface to specify the block topology. The problem is
significantly more difficult in three dimensions. Progress has been made in reducing the level of user interaction
[3,4] to some degree, but due to the nced fur complcx global operations it is unlikely that this will ever be fully
automated.
In contrast the unstructured approach can be made automatic for arbitrary geometries. With these
approaches there is no need for complex global operations. All operations are simple and local, requiring only
local information. This fact alone makes it possible to automate the procedure.
There are thrcc basic tcchniques used for automatic unstructured mesh generation:
(1) The octrec approach [5,6] is based on successive subdivision of the domain to produce a Cartesian mesh. At
boundaries many computc-intcnsivc line surface intersection operations are required. This results in a high
quality mesh in the interior with the worst mesh at boundaries. Smoothing operations are then used in an
attempt to improve the near-wall mesh. Octrcc approaches do not lend themselves well to the generation of high
aspect ratio cells necdcd for viscous simulations which will be described in Section 4.
(2) The Advancing front algorithm[7,8] is a two step procedure. First each surface is triangulated. This is done
by placing nodes around the boundary of cach surface in the model. These nodes are connected by edges to form
an initial two dimensional front, this front is then advanced into the surface by building triangles on each edge of
the front. In the second stage the triangulated surfaces form an initial front for the volume mesh. Using a similar
algorithm to that uscd for thc surfaccs the domain is filled by recursively building tetrahedra on each face of the
front.
(3) Delaunay based methods as dcscribcd in [9,10,11] arc the natural extension of the two dimensional
algorithm described in [2] into three dimensions. As with the advancing front algorithm a surface triangulation is
first generated and a constraincd tctrahcdratization is formed of these boundary triangles. The tetrahedral
mesh is now generated by repeatedly inserting points into this mesh.
Of the above algorithms the advancing front and Dclaunay methods have been found to produce smoother
and more regular mcshcs than the somewhat irregular meshes typically produced by octree approaches. A
comparison bctwecn thc surface meshes produced by the advancing front and octree algorithms for a nacelle is
shown in figure 2. In addition the formation of an initial surface mesh provides a natural framework for the
viscous mesh gcncration proccdurc dcscribcd in Section 4. Dclaunay based methods have also been found to be
significantly fastcr than the advancing front and octrce methods.
The current drawback of the advancing front and Dclaunay methods is the need to provide a background
mesh. This background mesh is required to specify the mcsh density throughout the flow domain. The automatic
generation of this file, using for example surface curvature to drive the placement of source terms, would further
accelerate the mesh generation process. An alternative approach suitable for the Delaunay algorithms is to
abandon the the background mesh altogcthcr. The surfacc mesh can be generated as in 2D [2] with the
additional constraint that points bc inserted into the mesh to resolve surface curvature. The 3D tetrahedral
mesh can then be gcncratcd in a similar manner again by inserting points based on element quality.
Another point to note here is that much of the speed and ease of use of an automatic unstructured mesh
generator can quickly be dcstroyed by thc addition of a graphical user interface (GUI). These GUIs are of little
or no use to a designer who needs to rcpcatcdly mcsh and solve on a series of similar geometries. Having to
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repeatedly enter similar data is error prone and significantly hinders the mesh generation process. Much of the
effort expended in writing such interfaces would be better utilized in further automation of the mesh generation
procedure. Ideally any graphics in a mesh generator should be used for viewing the mesh and not for
interactively generating the mesh.
3 LINK TO CAD SYSTEM
Computer Aided Design (CAD) systems can represent a component in three forms: solid, surface and
wireframe models. A solid model contains information at two levels, topology and geometry. The topological
entities are vertex, edge and face. Each face is surrounded by a number of edges, and a vertex lies at the ends of
each edge. For example a solid model of a cube would comprise six faces, 12 edges and 8 vertices. The underlying
geometrical entities used to define the actual shape of the object are referred to as point, curve and surface.
These can be of various types within the model, for example, the geometry for a surface could be based on
Non-Uniform Rational b-splines (NURBS) or Bezier polynomials. A surface model merely contains
geometrical information for the individual surfaces. All topological information on how the surfaces fit together
is lost. In addition there is no rcquiremcnt that tile bounding surfaces be closed. Wireframe models are a further
simplification which only contain information on the outlines of the surfaces.
The use of a solid model to represent components is becoming more and more prevalent throughout industry,
and are utilized by all disciplines from design to manufacturing. The models contain enough information to
manufacture the part and hence provide a logical starting point for mesh generation. Generally with these
models the solid part is the body, i.e. the metal, whereas to bc of use for a CFD calculation the model needs to be
inverted so the solid is the gas path around the metal. Fortunatcly this a relatively straightforward procedure
within a CAD system.
An alternative approach is to base the mesh generation on a common surface model format such as IGES (or
NIGES). This approach initially appears attractive as CAD systems can output IGES files, hence if a mesh
generator can read IGES files it can work with all CAD systems. However with the surface model the topological
information required to automatically build the mesh is lost and must be input by the user during the mesh
generation process. Hence mesh generation cannot be made automatic and much of the advantage and elegance
of unstructured mesh generation is immediately destroyed. In addition this approach necessitates the
development and support of computer codes employing complex Graphical User Interfaces (GUI) to aid in the
input of this information.
The strategy being developed at GE CRD is to generate an unstructured mesh by interrogating the solid
model directly via the vendor supplied subroutine library in order to obtain information necessary to build the
mesh. This is done as the subroutine package and solid model form a self consistent entity. Converting to some
intermediate format such as some as yet undefined extension to IGES opens up many issues, for example
tolcrancing; while the model may bca perfectly valid solid model in one CAD package, it may fail some tests on
the common file format. Coupling unstructured mesh generation with the native read of the solid model allows
the mesh to be built automatically from the solid model with no further intervention from the user. At GE, solid
models from the PARASOLID [12] based UNIGRAPHICS CAD system arc used.
Unstructured mesh generators typically require a limited number of low level geometry and topology
interrogation operations in ordcr to build the mesh. It would bc extremely useful if all the CAD vendors agreed
on a standard in order to extract this information. Calls to these standard routines could then be made from the
grid generation code thus allowing meshes to bc generated from solid models from a variety of vendors.
As a standard set of geometry interrogation routines is not currently available an approach in a similar vein has
been adopted. A set of low level interrogation routines to be used by the mesh generation package has been
defined. Within these subroutines arc thc calls to the vendor specific routines which provide the required
information. Examples of the sort of topological and geometric functionality needed are:
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1) Thetotal numberof faces,edgesandvertices
2) The(x,y,z)coordinatesfrom faceid numberandparametriccoordinates(u,v)
3) Theid numberof edgessurroundingaface
4) Thenearestpointonafaceto agiven(x,y,z)location
Figure3showsthesurfacemeshfor athreedimensionalgeometrygenerateddirectlyfromasolidmodelin 10
minutesonanHP735workstationusinga modifiedversionof theadvancingfront programof [7].
4 VISCOUS MESH GENERATION
Therequirementsfor aviscousmcshdiffersignificantlyfromaninviscidmeshasit isnolongersufficienttofill
thedomainwithequilateraltetrahedra.Forefficientsimulationshighaspectratioelementsmustbegenerated
andalignedwithviscousgradients.A recentpaper[13]demonstratedsuchacapabilityin twodimensions.Here
a layerof structuredquadrilateralcellswaswrappedaroundthe bodyandextendedinto wakeregions.The
interiorwasthenfilled with triangularcclls.An exampleof suchameshisshownin figure4.Thequadrilateral
meshgivesvery efficient rcsolutionof boundarylayersand wakes.In addition it permits the directional
refinementnecessaryin viscousregions.This is illustratedin figure5.A naturalextensionof thisapproachto
threedimensionsis to first placestructuredlayersof triangularbasedprismaticcellson anexistingsurface
triangulation.Thisprocesscanbcthoughtof as"inflating" thesurfacetriangulation.Theinterior is thenfilled
withatetrahedralmcsh.Theprismaticcellscanhaveahighaspectratiowhichwill permitefficientresolutionof
the boundarylayers.They also posscssquadrilateralfaceswhich will ultimately permit the directional
refinementillustratedin figure5.
There are a varicty of mcthodscurrently bcing dcvclopcd to produce near-wallprismatic meshes
[14,15,16,17,18].All thc mcthods begin with a surface triangulation which is then marched or inflated towards
the interior in a series of steps.
In [15] this marching is achievcd through rcpresenting the initial surface triangulation by a number of
non-intersecting hexahedral elements (voxels). The triangulation is contained within these voxels. The outer
surface of these voxcls is then smoothed to form thc first inflated surface. Computing the intersection of normals
from the original surface with the inflated surface forms the first prismatic layer. The process is then repeated to
form the complete prismatic mesh. This method has the disadvantage (also common to Octree based methods)
that the mesh will change if the geometry is rotated with respect to the coordinate system.
The unstructured hyperbolic mesh generation technique [16] was also investigated. This method was found to
be prone to crossovers at sharp intcrnal and external corncrs unless many explicit steps of the algorithm were
taken. For some relatively simple test cases even with many steps a valid mesh remained impossible to obtain.
With this method thcrc is also little control over thc spacing away from the wall. The specification of this spacing
is crucial for turbulent calculations.
The advancing laycrs mcthod [17,18] inflatcs the surface along quasi-normal directions with a modified
advancing front type algorithm. When certain geometrical criteria are satisfied, such as distance from a wall or
element quality, the algorithm reverts to the standard method. Numerical experiments indicate that this method
can be made less prone to crossovcrs at sharp corners than the hyperbolic technique. It also has the advantage
that near-wall spacing may bc specified directly for turbulent flows.
The algorithm described in [14] also uses quasi-normal dircctions as a starting point for generating the
prismatic mesh. Ncw nodes arc placcd along the normal directions to form a structured mesh of prismatic
elements which wrap around the viscous surfaccs. The volume mcsh generator uses this inflated triangulation as
its initial front rathcr than the initial tri_ngulation. This algorithm will now be described in detail.
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To describethe combinedalgorithmof surfaceinfation and advancingfront, a rectangularboxwith a
cylindricalholewill beusedasanexample.Thisgeometryis illustratedin figure6.Thecylindricalsurfaceand
lowerwall aremarkedasviscousandare to be inflated.All otherboundariesareeitherinlet surfaces,exit
surfacesor inviscidwallsandwill notbe inflated.
Theprocedurebeginsbytriangulatingtheviscouswallsusingthesurfacemeshingpartof theadvancingfront
algorithm.This surfacemeshis shownin figure 7(a). The next stagein the procedureis to computea
quasi-normaldirectionateachnodeon thesurfacetriangulation.Thealgorithmusedtocomputethesenormal
directionsisdescribedin [14].Theinitial surfaceisnowinflatedaspecifieddistance6alongthesequasi-normal
directions.Thisgivesthefirst layerof prismaticcells.Thisinflationprocessisrepeatedanumberof timesusing
differentvaluesof _but tim samenormaldirection.Typically6variesbetweenonelayerandthenextbyafixed
geometricalfactor rangingbetween1.0for auniformmeshand5.0for a highlystretchedmesh.Theresultant
prismaticmeshisshownin figure7(b).Thetotal thicknessof thisprismaticregionisadjustedto encompassthe
expectedboundarylayer.
Theremainingnon-viscousurfacesarenowtriangulated.Anynewnodesandedgesgeneratedbytheinflation
algorithmwhichlie oil thesesurfacesarerequiredto form partof theinitial front for thesesurfaces.Thenewly
triangulatedsurfacesandtiminflatedtriangulationarecombincdto formaclosedfront.Tiffsbecomestheinitial
front for the interiormeshgcnerationalgorithm.Theresultantcombinedmeshisshownin figure7(c).
Formanycasesthisschemeis foundto workwell.Howevcrfor somecomplexgeometriesasuitablealgorithm
to produceasetof normals,whichin turn leadto avalidprismaticmeshof acceptablequalityremainselusive.In
addition,for boundarieswhicharecloseto oncanother,it maybepossiblefor theprismaticmeshestooverlap.
To producea robustmeshgeneratora fallbackpositionisadopted.After theprismaticmeshis generateda
numberof checksfor cellqualityaremade.Thesechecksensurethat:
1) Eachprismaticcell haspositivevolumc,
2) Nocell intersectsanyotherand
3) Cellsareof reasonablcquality.
Anycellfailing thesetestsis taggedfor delctionfrom themesh.
Whencellsareremovedtriangularandquadrilateralfacesof elementsbelowtheinflatedsurfaceareexposed.
Toformafront thequadrilatcralfacesarcdividedintotriangles.It ispossiblefor thesetriangularfacesto posess
a highaspectratio, especiallynearthe wall. A front containingsuchfaceshasprovenproblcmaticalto the
volumemeshgenerator.Thealgorithmfor removingthesehighaspectratio faccsisdcscribcdin [14].
Meshesgeneratcdby this algorithm arc shown in figure 8 for a turbine blade and figure 9 for a
wing/pylon/naccllc.Themeshisillustratedbymakingvariouscutsthroughtheprismaticregion.Ascanbeseen
themeshisof highqualityandprovidesagoodstartingpoint for aviscouscalculation.
Meshesgeneratedbytheaboveapproachwill containavarietyof clementtypes.Whileit ispossibleto divide
theseelementsandproduceapurelytetrahcdralmeshthis isnot themostefficientmethod.Modifyingtheflow
solvertowork directlyonamixedmeshisabetteroption.
5 ADAPTION AND MULTIGRID
Adaption forms an integralpart of anyunstructuredCFD calculation,sinceusingan unstructuredmesh
without adaptionutilizesonly half thc powerof the method.The useof thevariousmeshesgeneratedbyan
adaptiveprocedurein a multigridalgorithmis anobviousstcpand hasbeendemonstratedin [19,20,21,22].
Thereare two basicmethodsusedfor adaption:reinforcement,wherenewnodesareaddedintoanexisting
mesh,andremeshingwheretheentiregcometryisrcmcshed.
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Multigrid schemesbasedon adaptiveremeshinghavethree disadvantages.The first is that the mesh
generationalgorithmneedstoberobustandfast.If theschemeisnot fast,themeshgenerationtimecanquickly
exceedthesolutiontime anda lot of thebcnefitof multigridis lost.Theseconddisadvantagerelatesto the
difficulty in computingtransfcroperatorsfor theunstructuredmesh.As the meshesbearno relationto each
otherthis isanontrivial task.Complexdatastructuresarerequiredto avoidanO(n2)search.Finally,unlessthe
meshesarcgeneratedthroughsolutionadaptionthenalargepercentageof thenodeson thefinermeshesmay
servenousefulpurpose.
Themultigridschemeprcscntcdin [19]ovcrcomestheabovedisadvantages.Theprocessbeginswithaninitial
coarsegrid.An initial solutionisobtainedon thisgrid.Thissolutionisthenexaminedto determineif thegridis
sufficientlyfine to resolvefcaturesof intcrcst. In regionswheremore resolutionis required the meshis
enhancedthroughreinforccmcnt.A solutionis obtaincdon this newgrid.The solveand refine processis
repeateduntil somedcsircdlcvcl of accuracyisachicvcd.Whenusingthisapproachthe multigrid levelsare
formednaturallyby the refinementproccdurc.The constructionof the transferoperatorsis a simpletask
requiringa singlepassthroughthedata.Full dctailsof themultigridschemearepresentedin [19].
The reinforcementproccdurccan be significantlyfastcr than remeshing.Typically,the reinforcement
proceduregcncratcstctrahcdraat therateof 25,000percpusccondonanHP735workstation.In contrastthe
advancingfront algorithmof 17] produces tctrahcdra at the rate of 66 per cpu second. The newer Delaunay
based meshing algorithms [9] arc significantly fastcr than advancing front though still slower than
reinforcement.
The initial grid for the rcinforccd p,-occdurc meshes has to bc fine cnough to resolve all the features of the
geometry. If this is not so, it is possiblc for thc node snapping proccdurc to produce a crossed over mesh, as
illustrated in figure 10. This rcstriction prcvcnts thc full bcncfit of multigrid being realized on complex
geometries as a relatively fine initial mesh has to bc used. A possible solution would be to combine multigrid by
agglomeration [23] with the rcinforccmcnt based multigrid. Coarse multigrid levcls could then be generated
from the initial mesh by agglomcratioil and finer levels by reinforcement.
6 SURFACE MODELING
More complex gcomctric modcts of internal and external systems require a greater degree of rigor in
geometric definition. This requirement together with prcssurc for standardization and cost effective
cnginecring arc driving design of aerodynamic devices to bc cithcr based on standard CAD systems or to
produce geometric models compatible with those packages. By basing thc analysis on generic CAD systems, it
becomes feasible to analyze acrodynamic devices with incrcascd detail included, such as wings with flaps
dcploycd and naccllc/pylons attached instead of analyzing an idcalizcd wing. Similarly, turbine blade models
may include shrouds, cooling holes, and cndwall gaps previously ignorcd. With increasing focus on system lcvel
integration and optimization, all engineering disciplines require access to a consistent geometric model, often
rcfcred to as a mastcr model.
The geomctric modcl for aerodynamic devices should provide good support not merely for representing the
final geometry but for the process of reaching that design. Aerodynamic surfaces are frequently free form
sculptured surfaces. While low order polynomial (cubic) splines (or cubic NURBS in 3D) are quite suitable to
rcpresent geometry of this typc, they provide poor support for the design process [24,25,26,27]. As a designer
(either human or an optimizer) modifies a single cubic spline control point to find a better design, the surface
curvature develops large oscillations undcsir_tblc to the fluid flow (scc figure 11). It has been found that using
high order Bezicr curves instead of cubic splincs has a much more desirable response to control point
manipulation, as shown in figure 12. This technology has bccn developed into a quasi-3D turbine blade design
tool which finds application in both interactive design of blades and automated design where it is driven by an
optimization system [28].
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Forthemastermodelconceptandautomatedgridgenerationto delivertherequiredbenefitsin streamlining
theengineeringprocess,thegeometricprocessingrequiredmustproceedsmoothlyandreliably.Unfortunately,
the current state of commercialsolid modellingsoftwarehas not yet attainedthis level of robustness.
Automation and speed of the design process are dependent on the correct reliable performance of solid
modelling software.
Particularly in this age of virtual corporations, outsourcing, and strategic alliances, it cannot be expected that a
single CAD system will be selected as the universal supplier of geometry. While it is possible to set up a
standardized interface to geometry packages that grid generation software could use, as described in section 3,
experience in two-dimensions indicates that once you go beyond static CFD solutions and include analytic
sensitivites, design optimization or inverse dcsign, it is required that the CFD tools have an explicit geometric
capability built in to them. It is quite possible to have a generic geometric interface for static geometry, but it is
not so clear that the design and sensitivity calculation capability in the CFD tools could get required geometric
operations from a general standardizcd interface to a variety of solid modellers.
This geometry coupling is the foundation of an innovative approach to interactive turbine blade design using
linearized Euler sensitivitics devclopcd in [29]. An Adaptive unstructured Euler equation solver produces a
non-linear mean flow solution using thc Bczicr curve gcomctry as produced by the design tool. Additionally, the
flow solver can compute linearized stcady perturbation solutions for arbitrary geometry deformations of the
blade shape. The perturbations specify the gcomctric sensitivity coefficients for each flow variable, such as
OP/Ox i for the pressure dcrivitive with respect to the i-th Bezier control point. Since the design tool and the flow
solver both use the Bezier control point gcomctry to rcprcscnt thc turbine blade profile, it is possible for the flow
solver to compute the geometric sensitivity for displacement of any control point. By providing this data to the
design tool, as the designer modifics thc blade by interactively moving Bezier control points, the blade surface
Mach number distribution can be updated in real timc using a locally linearized approximation. Given the
baseline pressure (P0) from thc non-lincar mcanflow solution, the prcssure P after altering the i-th control
point by a displacement dA" i can bc computcd from
n
0P
P = Po + Z -_i dxi
i=1
to within the locally linearized approximation. For blade changes beyond some range, the linear approximation
error increases and the meanflow solution plus a new set of sensitivities must be computed. The same geometric
sensitivites can also be used to acccleratc blade design optimization using a generic engineering optimization
package such [24,28].
7 RECOMMENDATIONS
The recommendations made here are intcndcd to define the "ideal" CFD system. Many of the technologies
either exist or are under active dcvelopmcnt. The CFD system should be modular so that if new technology
becomes available an existing module can easily be replaced. The modules should be able to communicate with
each other via either a common file format, or a particular format and a subroutine library to extract data from
the file. There are five basic modulcs: Gcomctry dcfinition, mesh gcncration, flow solution, adaption and
post-processing.
7.1 Geometry Definition
The best approach here is to use a solid modcl from a CAD program to define the geometry of the component
to be meshed, then for thc reasons outlined in scction 3 the grid generation program should read this model
directly. To achieve this for a numbcr of CAD packages a standard set of subroutine calls to interrogate a solid
model will need to be dcfincd, cach CAD vcndor will then nccd to providc an interface using these calls.
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7.2MeshGeneration
For the reasonsstatedin section2 meshgenerationshouldbe basedon unstructuredtechnology.The
followingproposedalgorithmis intendedto beasautomaticandasefficientaspossible.Themethodbeginsby
triangulatingthesurfaceof thebodywith themeshdensitybasedonsurfacecurvature.Thisremovestheneed
for anyadditionalinput throughfor examplea backgroundmeshfile. For efficiencythe ability to generate
stretchedelementsalignedwith, for exampleleadingedgeswouldbe useful.A viscousmeshcan then be
generatedbyinflatingthissurfacetriangulation.Finallythe interiorshouldbetetrahedralizedwithaDelaunay
basedalgorithmwherepointsareinsertedbasedonmeshqualityratherthanabackgroundmesh.Themajority
of componentsarein placefor suchanalgorithm,theonly realneedis theremovalof thebackgroundmesh.
7.3Flow solver
Toconvergein a reasonabletimeanyflowsolverneedsto employamultigridor implicitsolutionalgorithm.
Anattractiveandefficientwaytogeneratethemultigridlevelsisto agglomeratefromtheinitialmeshto getthe
coarserlevelsandadaptivclyrefinethroughpoint insertionto generatethefiner levels.Thetwo technologies
existto do thisbut to theauthors'knowlcdgctheyhavenotyetbeencombined.
Theuseof implicitalgorithmsonunstructuredmcshesisthesubjectof muchresearch.Aswiththeirstructured
meshcounterparts,it isunclearwhichalgoritlamis thcmostrobustandcomputationallyefficient.
7.4Refinement
Refinementismostefficientlydoncbypointinsertion:thiswill alwaysbefasterthanremeshing.Theabilityto
performone-dimensionalrefinementdescribedin section4 is anessentialpart of anyadaptivescheme.In
additionthisadaptionprocedurecanbeusedto generateaone-dimensionalmultigridschemeto acceleratethe
solverinviscousregions.
7.5Postprocessing
Therearea numberof flcxiblepostproccssorsavailable.At thevery leastthesoftwaremustbecapableof
handlingdifferent clemcnttypcsandanymixof them.Visual3andFIELDVIEW aretheonlygeneralpurpose
codesthatto theauthors'knowlcdgc anhandlemixedmcshcs,thoughothersaremigratingin thatdirection.To
beof useto dcsigncrsanypostprocessormustbeableto reducethelargethreedimensionaldatasetstosimple
x-yplotsof interesttoanengineer,for cxamplcpressurearoundawingsection.3Dviewsof solutionsusingcolor
contourplots,whilevcrynicefor publicitypurposes,havelittle useto designers.
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Figure 1 Example inviscid mesh Figure 3 Surface mesh for 3D geometry
advancing front, nn=5805, nc4=28407 octree nn =5652, nc4 =26175
Figure 2 Comparison of advancing front and octree meshes
4O
Figure4 Mixed triangular/quadrilateral mesh
2D Hexahedral
3D Prismatic
Figure 5 2D and 3D directional cell division
Figure 6 Cylindrical hole in box
b
Figure 7 Stages of viscous mesh generation
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Figure8 Prismaticmeshfor turbine Figure9 Prismaticmeshfor installednacelle
Figure10crossoverproblemfor refinedmesh
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Figure 11 Response of surface curvature to displacement of a single cubic
spline control point on the upper airfoil surface.
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Figure 12 Response of surface curvature to displacement of a single
Bezier control point (Bezier curve of degree 4).
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